The nucleoid-associated protein H-NS is thought to play an essential role in the organization of bacterial chromatin in Escherichia coli. Homologues, often with very low sequence identity, are found in most gramnegative bacteria. Microscopic analysis reveals that, despite limited sequence identity, their structural organization results in similar DNA binding properties.
The chromosomal DNA of bacteria is organized into a compact structure, the nucleoid. A number of factors contribute to maintaining this compact state: macromolecular crowding (or depletion), DNA supercoiling, and so-called nucleoid-associated proteins (28) . It is unclear how much each of these factors contributes to nucleoid compactness, but nucleoid-associated proteins play an essential role. Important members of this group of proteins are H-NS, HU, Fis, and integration host factor (IHF) (12, 18) . In addition to a role in compaction, these proteins act as specific regulators (for instance in transcription). Both HU (27) and IHF (1) reduce the effective volume occupied by DNA molecules by inducing (strong) local bends. Interestingly, the effect of HU is very concentration dependent, and higher concentrations of this protein (locally) induce the formation of rigid filaments of as-yet-undefined significance (27) . H-NS employs a different mechanism: this protein has the ability to bridge adjacent tracts of DNA. Furthermore, H-NS can locally induce some type of higher-order compaction by an as-yet-unknown mechanism (7) . The ability to bridge is exploited when H-NS-which does not exhibit sequence-specific binding-exerts its specific regulatory role in transcription. This ability is the molecular basis for the recognition of curved DNA (8) , which is an essential feature of many genes that are repressed by H-NS. Also, bridging provides a direct explanation for the mechanism underlying trapping of RNA polymerase in the open initiation complex at the rrnB P1 (9) .
In recent years, H-NS homologues have been identified in most gram-negative bacteria (3, 4) . The first homologue identified, StpA, was found in Escherichia coli and bears about 60% identity with H-NS at the amino acid level (29) . Many recently discovered homologues have low sequence identity with E. coli H-NS and cannot be identified on the basis of sequence homology. Nevertheless, these proteins can be identified by screening genomic libraries for reversal of the H-NS deficiency in E. coli mutant strains (17) . Recently, a novel class of H-NS like proteins was found in Pseudomonas species (19, 25, 26) . These so-called MvaT proteins do not exhibit any significant homology with any known H-NS-related protein (e.g., 18% identity with E. coli H-NS). Functionally, these H-NS homologues have not yet been extensively characterized, but a role as a repressor of transcription has recently been attributed to them (11, 19) .
At the structural level all H-NS like proteins are similar: the proteins can be divided into a C-terminal DNA binding domain and an N-terminal oligomerization domain, which are separated by a flexible linker region (13, 20, 25) . Nuclear magnetic resonance spectroscopy has shown that the N-terminal domain of E. coli H-NS is mainly ␣-helical and that, due to the formation of a coiled coil, H-NS exists as a dimer (5, 14) . On top of this, the dimer has the ability to self-associate and to form large oligomers (6, 22) . As a consequence of the strong homology with H-NS, StpA is predicted to be very similar in its overall structure. Although MvaT bears little homology to E.coli H-NS, the C-terminal domains of these proteins have been predicted to be structurally very similar (26) . In addition, the N-terminal domain of MvaT, like that of H-NS, is predicted to be ␣-helical and capable of dimerization (26) . The large structural similarity among H-NS like proteins ( Fig. 1 ) suggests that they employ mechanisms similar to those of E. coli H-NS to modulate DNA architecture. In this paper we describe the scanning force microscopic (SFM) analysis of the DNA binding properties of StpA and MvaT.
Preparation of E. coli StpA and Pseudomonas sp. MvaT. StpA was overexpressed and purified from E. coli cells in an hns mutant background. To this aim the strain BL21(DE3) hns::kan was constructed by transduction of BL21(DE3) with a mutant hns allele from strain M182hns::kan (30). The strain was transformed with the multicopy plasmid pUC18-StpA, which was obtained by insertion of a 1,273-bp HindIII-NdeI fragment obtained from the vector pT7-StpA (30) containing the complete stpA gene under the control of the phage T7 promoter. Cells were grown in M9 medium-0.2% glucose-0.2% Casamino Acids supplemented with ampicillin (50 g/ ml) to an optical density at 600 nm of 0.5 and further incubated for 3 h after induction with 0.5 mM IPTG (isopropyl-␤-Dthiogalactopyranoside). Cells were disrupted by sonication in 50 mM Tris-HCl (pH 7.5)-200 mM NaCl-2 mM EDTA-0.2 mM phenylmethylsulfonyl fluoride-1 mM leupeptin-1 mM pepstatin (the presence of protease inhibitors was maintained throughout the purification), and the cleared lysate was separated from ribosomes by high-speed centrifugation. The supernatant was precipitated at 4°C with 0.3% polyethylenimine, and the pellet was extracted with a buffer containing 50 mM Tris-HCl (pH 7.5) and 500 mM NaCl. The protein suspension was cleared by centrifugation, and the supernatant was precipitated with 40% (NH 4 ) 2 SO 4 . The pellet was extracted with 50 mM Tris-HCl, pH 7.5, and dialyzed against 50 mM Tris-HCl (pH 7.5)-1 mM EDTA-0.5 mM dithiothreitol (DTT)-10% glycerol. Precipitated StpA was concentrated by centrifugation and redissolved in 50 mM Tris-HCl (pH 7.5)-1 mM EDTA-0.5 mM DTT-0.3 M NaCl-10% glycerol. The protein fraction was further purified to homogeneity by DNA cellulose chromatography employing a linear gradient of 300 mM to 1 M NaCl. Pooled StpA fractions were dialyzed against 50 mM Tris-HCl (pH 7.5)-1 mM EDTA-0.5 mM DTT-10% glycerol, and the precipitated StpA was redissolved in the presence of 300 mM NaCl. The final concentration was determined by Bradford analysis. The purified protein was routinely assayed for its capacity to bind DNA in a standard binding assay (2 nM 32 P-labeled DNA containing the rrnB P1 promoter upstream region, 5 M protein, 20 ng of heparin/l in 50 mM Tris-HCl [pH 7.4], 70 mM KCl, 15 mM NaCl, 1 mM EDTA, 10 mM 2-mercaptoethanol). Under those conditions generally half of the DNA fragment was found in a specific complex.
MvaT was overexpressed and purified from E. coli cells. The strain BL21(DE3) carrying the lacI-expressing plasmid pDIA17 (18a) was transformed with the multicopy plasmid pDIA591, which was obtained by insertion of the mvaT gene (26) under the control of the phage T7 promoter into the NdeI-XhoI sites of the pET22 vector (Novagen). Cells were grown in Hyperbroth (Athena) supplemented with 200 g of ampicillin/ml and 20 g of chloramphenicol/ml to an optical density at 600 nm of 2.5 and further incubated for 2 h after induction with 3 mM IPTG. Cells were disrupted using Fast-Prep FP120 (Bio 101) in buffer A (31.6 mM NaH 2 PO 4 , 68.4 mM Na 2 HPO 4 [pH 7.2], 300 mM NaCl). Cell debris was removed by centrifugation, and the supernatant was loaded onto an 0.6-ml NiSO 4 chelation column. After adsorption to the column and washing with buffer A containing 5 mM imidazole, the protein was eluted with a 200 to 500 mM imidazole gradient in buffer A. Buffer A was then changed to 500 mM NaCl and 40 mM NaH 2 PO 4 (pH 8) by using a PD 10 desalting column (Pharmacia). The final concentration was determined by Bradford analysis. Visualization of StpA-and MvaT-DNA complexes. Complexes of pUC19 and StpA or MvaT were prepared at different protein/DNA ratios and visualized using SFM (following a method described previously [7] ). Typical complexes as observed in these experiments are shown in Fig. 2 . The images in Fig. 2B indicate that, like H-NS, StpA has the ability to bridge DNA. Interestingly, unlike H-NS (7), the structural effects of StpA seem to be limited to bridging. The images in Fig. 2C and D indicate that MvaT (at a ratio of one dimer per 160 bp) also has the ability to bridge DNA. In addition, higher-order complex formation occurs at high concentrations of MvaT (one MvaT dimer per 80 bp [ Fig. 2E] ). Rod-like complexes of various sizes are then observed. Inter- (Fig. 2D ). In these complexes the DNA is bridged in a parallel rather than in an antiparallel fashion; DNA loops can be folded back inside other loops, which in turn can lead to more bridging between DNA tracts in these loops. In the most simple geometry, this will result in complexes half the length of complexes formed by only lateral bridging. Probably the different sizes of condensates directly reflect the pathway (involving different sizes and/or numbers of loops folded inward) towards condensation that was followed.
Similarities and differences. Our observations indicate that the DNA binding properties of StpA are very similar to H-NS, as suggested by previous biochemical experiments (2, 3, 24, 30) . The DNA binding properties of MvaT, as observed by SFM, also largely resemble those of H-NS and StpA. In fact, all three proteins have the ability to bridge DNA.
A clear difference between StpA and H-NS is that H-NS can locally induce higher-order compaction (in about 35% of the H-NS-DNA complexes) at intermediate protein concentrations (i.e., one H-NS dimer per 24 bp). This type of compaction by H-NS may be dependent on the ability of this protein to form large oligomeric structures consisting of dimers (14, 22) .
The oligomerization properties of StpA have not been biochemically characterized. It is, however, known that differences exist in the amino acid composition of the oligomerization domain. In particular, part of the linker region, which has been identified as being important for the formation of large oligomers (14), exhibits only low sequence identity between StpA and H-NS. This could explain the absence of higher-order compaction. However, it should be noted that, although DNA bridging is considered biologically relevant (12), the physiological relevance of the higher-order compaction remains unclear. The DNA bridging observed for StpA occurs at significantly lower protein/DNA ratios (one dimer per 200 bp instead of one dimer per 24 bp) than with H-NS (7) . This probably reflects a higher binding affinity of StpA for DNA as suggested previously (24; R. Wagner and coworkers, unpublished observations). As a consequence the relatively low amounts of StpA (compared to H-NS) in the cell (15, 23, 30) can still have significant impact on DNA architecture. It thus seems likely not only that StpA can effectively replace (or assist) H-NS in its function as a repressor of transcription (16, 21, 23, 30) but also that it may be involved in the modulation of nucleoid compactness. The binding properties of MvaT also exhibit differences from those of H-NS. MvaT does display the ability to form higher-order nucleoprotein structures. In doing so, an alternative pathway based on parallel bridging (not seen with H-NS or StpA), resulting in more compact structures, is observed. This alternative "mode" of bridging probably reflects subtle differences in protein-protein or protein-DNA interactions among the three proteins. The class of most compact complexes observed previously with H-NS (for which we had no structural explanation) could also result from following a similar type of condensation pathway, even though parallel bridged intermediate structures were not observed (7) . The ability to compact DNA efficiently suggests that MvaT could be involved in the compaction of the Pseudomonas nucleoid. It has been proposed that the ability to bridge DNA allows recognition of regions containing strong DNA curvature or high local DNA flexibility (8) . Therefore, apart from a possible role in the global organization of the nucleoid, StpA and MvaT are expected to exhibit preferential binding in vivo to such regions. Since these regions are often found close to promoters, this provides a direct means to repress transcription (12, 20) . Moreover, nucleation of binding of these proteins at such sites may be a determinant in setting the boundary conditions for the global organization of the nucleoid.
Conclusions. H-NS, StpA, and MvaT proteins each exhibit the ability to form bridges between adjacent DNA tracts. The ability to bridge DNA probably stems from the particular twodomain configuration of most H-NS-like proteins identified so far, resulting in dimers with two exposed independent DNA binding domains. DNA bridging may thus be a common property of H-NS-like proteins, and it is likely that they all use similar mechanisms to organize and compact DNA and/or to regulate transcription.
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